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Wood i s  composed p r i m a r i l y  o f  c e l l u l o s e ,  hemice l lu loses ,  and 1 i g n i  n. w i t h  
l e s s e r  q u a n t i t i e s  o f  e x t r a c t i v e s  (ma te r ia l  e x t r a c t i b l e  i n  o rgan ic  so l ven ts )  and 
minera l  mat te r .  The cottonwood species used i n  t h i s  s t u d y  has  been a n a l y z e d  
p rev ious l y  i n  t h i s  l a b o r a t o r y  and i t  was found t o  con ta in  44% c e l l u l o s e  and 32% 
hemice l lu loses  on an e x t r a c t i v e - f r e e  b a s i s  (1) .  The m a j o r  component o f  t h e  
hemi ce 11 u l  os es i s 0- a c e t y l  -4 -?-methyl g 1 u cu ronoxy  1 an. a p o l y m e r  cornpri sed o f  
repea t ing  u n i t s  o f  xy lose  w i t h  a c e t y l  and 4 -~ -methy lg lucu ron ic  a c i d  s u b s t i t u e n t s  
s u b s t i t u t e d  a long the  polymer chain.  F igu re  1 shows a rep resen ta t i ve  c h e m i c a l  
s t r u c t u r e  o f  t h i s  po lymer ,  b u t  does n o t  c o r r e c t l y  represent  t h e  f requency  o f  
subs t i t uen ts ;  approx imate ly  h a l f  o f  t he  xy lose  res idues  con ta in  an a c e t y l  group and 
the re  i s  one 4-~=1nethy lg lucuron ic  a c i d  group per  10-20 xy lose  res idues  (1.2). These 
a c i d  groups p r o v i d e  a means o f  i n c o r p o r a t i n g  c a t a l y s t s  i n t o  wood i n  a rep roduc ib le ,  
h igh ly -d ispersed manner by i o n  exchange. S i m i l a r  methods a re  used i n  c a t a l y s i s  o f  
low-rank coals,  b u t  t h e  i o n  exchange capac i t y  o f  wood i s  much lower  than t h a t  o f  
coals.  Our wood sample was found t o  con ta in  8-10 meq o f  ca rboxy l i c  a c i d  groups pe r  
100 grams o f  wood (2). w h i l e  low-rank coa ls  t y p i c a l l y  con ta in  10-50 t imes h ighe r  
concent ra t ions  o f  c a r b o x y l i c  a c i d  groups (3.4). 

The e f f e c t s  o f  severa l  ion-exchanged c a t a l y s t s  on g a s i f i c a t i o n  o f  wood chars  i n  
carbon d i o x i d e  were descr ibed i n  an e a r l i e r  paper (5). Ion-exchanged c o b a l t  and 
ca l c ium were found t o  be v e r y  e f f e c t i v e  c a t a l y s t s  o f  g a s i f i c a t i o n  o f  wood chars  (HTT 
800°C). I n  t h i s  paper we focus on t h e  a c t i v i t y  o f  c o b a l t  c a t a l y s t s  f o r  g a s i f i c a t i o n  
o f  wood chars  prepared a t  d i f f e r e n t  heat t rea tmen t  temperatures.  

The gases fo rmed b y  p y r o l y s i s  o f  l ow- tempera tu re  c h a r s  have  a l s o  been 
determined by temperature-programmed desorp t i on  (TPO) us ing  mass spectrometry.  T h i s  
a n a l y s i s  i s  i n d i c a t i v e  o f  s t r u c t u r a l  f ea tu res  o f  t he  char and he lps  t o  e l u c i d a t e  t h e  
chemical t rans fo rma t ions  occu r r i ng  i n  low-temperature chars  (HTT 400°C) as t h e y  a re  
heated t o  h i g h  temperatures. 

EXPERIMENTAL 

The wood sample used i n  t h i s  s tudy  was sapwood from b lack  cottonwood (Populus 
t r i c h o c a r  a). The wood was ground i n  a Wi ley  m i l l ,  s ieved, and the  20/30 mesh 
&as r e t a i n e d  f o r  ana lys is .  Chars were prepared i n  a tube fu rnace purged 
w i t h  f l o w i n g  n i t rogen,  as desc r ibed  p r e v i o u s l y  (1). and t h e y  were  s t o r e d  i n  
n i t rogen-  o r  argon-purged con ta ine rs  between analyses. 

Ac id  washing and c o b a l t  i o n  exchange t rea tments  were c a r r i e d  o u t  b y  column 
pe rco la t i on .  For c o b a l t  i o n  exchange t h e  ground, acid-washed wood (2.5 g) was 
degassed i n  a smal l  q u a n t i t y  o f  0.01 M c o b a l t  ace ta te  s o l u t i o n  and t r a n s f e r r e d  t o  a 
g lass  chromatography column. The wood was then  washed s l o w l y  w i t h  500 m l  o f  t h e  
0.01 M c o b a l t  ace ta te  so lu t i on ,  f o l l o w e d  b y  a tho rough  wash w i t h  d i s t i l l e d ,  
d e i o n i z e d  w a t e r  t o  remove any unbound s a l t .  Ac id  washing was c a r r i e d  o u t  by  
e s s e n t i a l l y  t h e  same procedure except t h a t  0.01 M HC1 was used. 

R e a c t i v i t y  measurements were c a r r i e d  o u t  i n  a g a s i f i c a t i o n  r e a c t o r / d e t e c t o r  
system descr ibed p r e v i o u s l y  (1). B r i e f l y ,  t he  system cons is t s  o f  a smal l -sca le  
temperature-programmed alumina r e a c t o r  coupled t o  a combust ib le  gas de tec to r .  The 
r e a c t o r  can be main ta ined under e i t h e r  an i n e r t  o r  a r e a c t i v e  atmosphere. F o r  i n e r t  
cond i t i ons  i t  i s  swept w i t h  n i t r o g e n  o r  he l i um (40 cc/min) and an equ iva len t  f l o w  o f  
carbon d i o x i d e  i s  va lved i n t o  the  r e a c t o r  f o r  g a s i f i c a t i o n .  
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The d e t e c t o r  c o n s i s t s  of  a ZrOz s o l i d  e l e c t r o l y t e  oxygen sensor which i s  
ma in ta ined a t  a tempera ture  o f  650-700 C. Combust ib le gases formed i n  t h e  r e a c t o r  
combine w i t h  an a i r  stream a f t e r  t hey  leave t h e  r e a c t o r  and they  undergo combustion 
i n  the  h o t  de tec tor .  The d e t e c t o r  mon i to rs  t h e  d e p l e t i o n  o f  oxygen conten t  i n  t h e  
combined gas  streams. The r a t e  o f  carbon g a s i f i c a t i o n  i s  c a l c u l a t e d  from t h e  
combined gas f low r a t e s  and the  oxygen dep le t i on ,  assuming t h a t  one mole o f  carbon 
i s  g a s i f i e d  f o r  each mole o f  oxygen consumed. 

The r a t e  o f  g a s i f i c a t i o n  o f  a c h a r  (HTT 800°C) p r e p a r e d  f r o m  u n t r e a t e d  
cottonwood i s  shown i n  F igu re  2. The d e t e c t o r  o u t p u t  can be i n t e g r a t e d  over t h e  
e n t i r e  r u n  t o  g i v e  t h e  t o t a l  e x t e n t  o f  g a s i f i c a t i o n ,  o r  i t  can be i n t e g r a t e d  above 
t h e  base l i ne  de f ined by t h e  r a t e  of  p y r o l y t i c  g a s i f i c a t i o n  (do t ted  l i n e )  t o  g i v e  t h e  
e x t e n t  o f  g a s i f i c a t i o n  due t o  r e a c t i o n  w i t h  COz. The ex ten ts  o f  g a s i f i c a t i o n  
repo r ted  i n  t h i s  paper  a r e  t h o s e  due t o  g a s i f i c a t i o n  a lone.  i . e .  e x c l u d i n g  
py ro l ys i s .  Ex ten ts  o f  convers ion  determined i n  t h i s  way compare w e l l  w i t h  measured 
we igh t  losses, g e n e r a l l y  amounting t o  100-110% o f  t h e  we igh t  loss .  Th is  system i s  
p r e f e r r e d  t o  g r a v i m e t r i c  systems f o r  o u r  purposes because o f  i t s  g rea te r  s e n s i t i v i t y  
and b e t t e r  c o n t r o l  o f  temperature and gas f lows. 

The g a s i f i c a t i o n  s y s t e m  was m o d i f i e d  t o  i n c l u d e  a u n i t  r e s o l u t i o n  mass 
spectrometer (Hewlet t -Packard Model 59708) f o r  q u a l i t a t i v e  ana lys i s  o f  gas m ix tu res  
fo rmed d u r i n g  p y r o l y s i s  o f  t h e  sample p r i o r  t o  g a s i f i c a t i o n .  When the  mass 
spectrometer was i n  use he l i um was used as t h e  r e a c t o r  purge gas. A s p l i t t e r  was 
p laced i n  t h e  gas l i n e  between the  r e a c t o r  o u t l e t  and t h e  combustion a i r  i n l e t .  One 
meter  o f  uncoated v i t r e o u s  s i l i c a  c a p i l l a r y  t u b i n g  (0.20 mm IO) connec ted  t h e  
s p l i t t e r  t o  the  mass spectrometer.  The c a p i l l a r y  t u b i n g  was conta ined i n  a t r a n s f e r  
l i n e  heated t o  100°C. T h i s  arrangement d i v e r t e d  approx imate ly  0.1 ml/min (0.3%) o f  
t h e  reac to r  gas f l o w  t o  t h e  mass spectrometer.  On t h e  bas i s  o f  p r e l i m i n a r y  r u n s  
wh ich  revea led  no h i g h  molecu la r  we igh t  p y r o l y s i s  products,  t he  mass range o f  10 t o  
110 amu was scanned and approx imate ly  f i f t e e n  mass spec t ra  were accumulated p e r  
minute. 

X-ray d i f f r a c t i o n  p a t t e r n s  were ob ta ined us ing  a P h i l l i p s  d i f f r a c t o m e t e r  (CuKa. 
35kV. 20mA) a t  a scan r a t e  o f  1 degree p e r  minute. The sample was mounted on a 
g l a s s  s l i d e  us ing  a v a s e l i n e  smear. 

RESULTS 

G a s i f i c a t i o n  Rate De te rm ina t ion  

Table 1 shows t h e  y i e l d s  and r e a c t i v i t i e s  o f  chars  prepared a t  d i f f e r e n t  HTT's 
f rom wood t r e a t e d  b y  i o n  exchange w i t h  coba l t ,  calc ium, and potassium. The cha r  
prepared from one o f  t he  cobalt-exchanged samples was i n i t i a l l y  so r e a c t i v e  t h a t  t h e  
r a t e  o f  g a s i f i c a t i o n  exceeded the  de tec t i on  l i m i t s  o f  t he  de tec tor ,  i .e. ,  a l l  o f  t h e  
oxygen i n  t h e  combust ion a i r  supp ly  was consumed by  combustion o f  p roduc t  gases. I n  
t h i s  case t h e  maximum r a t e  o f  g a s i f i c a t i o n  was n o t  observable,  and the  ex ten t  o f  
g a s i f i c a t i o n  was t h e r e f o r e  i n d i c a t e d  as be ing  "g rea ter  than" t h e  va lue  o f  t h e  
i n t e g r a t e d  d e t e c t o r  response. The change i n  sample we igh t  i s  i n d i c a t e d  t o  show t h e  
t o t a l  e x t e n t  o f  reac t i on .  

The r e a c t i v i t i e s  o f  t he  chars  con ta in ing  c o b a l t  c a t a l y s t  a re  c l e a r l y  l e s s  
dependent on HTT than  a re  those o f  t h e  chars c o n t a i n i n g  ca lc ium and potassium. The 
r e a c t i v i t i e s  of t h e  l a t t e r  chars toward g a s i f i c a t i o n  a t  800°C increase by  a t  l e a s t  a 
f a c t o r  o f  two as t h e  HTT i s  reduced from 1000" t o  800°C. Th is  behav io r  i s  t y p i c a l  
of  t r e n d s  shown b y  o the r  i n v e s t i g a t o r s  who have s tud ied  the  e f f e c t s  o f  HTT o n  
ca ta lyzed g a s i f i c a t i o n  of l i g n i t e  chars  (6-8). By con t ras t ,  chars  prepared f r o m  
cobalt-exchanged wood a t  800" and 1000°C a re  g a s i f i e d  t o  a s i m i l a r  e x t e n t  a t  800'C. 
When HTT and g a s i f i c a t i o n  temperature a re  reduced t o  6OO0C, the  char  prepared f rom 
coba l t - t rea ted  wood i s  comple te ly  gas i f i ed ,  whereas t h e  chars  prepared from ca lcu im 
and po tass i  um-exchange wood a re  comple te ly  un reac t i ve  a t  t h i s  temperature. When 
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cobalt-exchanged wood was char red  and g a s i f i e d  a t  400°C. no g a s i f i c a t i o n  occurred. 

Tab le  1. E f f e c t  o f  HTT on e x t e n t  o f  CO2 g a s i f i c a t i o n  o f  chars f rom ion-exchanged 
wood. G a s i f i c a t i o n  was f o r  30 min i n  90.9 kPa o f  CO2. 

G a s i f i c a t i o n  
HTT Char Y i e l  db Temper a t  u r e  Percent  

Treatement 0 (%, d.a.f.) ( " C )  G a s i f i e d  

Co-exchanged 1000 
800 

7.4 
9.2 

600 12.9 
400 21.3 

K-exchanged 1000 9.9 
800 13.4 
600 17.5 

Ca-exchanged 1000 8.1 
800 9.3 
600 12.7 

800 
800 
600 
600 
400 
800 
800 
600 
800 
800 
600 

>69a 
73 
46 
96 
0 
6% 

13 
0 

36 
102c 

0 

aMeasured we igh t  l o s s  was 73%. 

bChar y i e l d s  a re  repo r ted  on a d ry ,  ash-free bas i s  assuming t h a t  t h e  we igh t  o f  
t he  ash i n  the  o r i g i n a l  wood remains i n  the  char. 

CSample g a s i f i e d  completely.  Percent o f  convers ion  determined by i n t e g r a t i o n  
o f  combust ib le gas d e t e c t o r  s i g n a l  was c o n s i s t e n t l y  100-110% o f  measured we igh t  
loss .  

I n  o rde r  t o  b e t t e r  assess t h e  dependence o f  r e a c t i v i t y  on HTT i n  more d e t a i l ,  
chars prepared from cobalt-exchanged wood a t  100°C increments o f  HTT were g a s i f i e d  
a t  500°C. The r e s u l t s  a re  shown i n  Tab le  2. The maximum r e a c t i v i t y  i s  a t t a i n e d  a t  
t he  HTT 600°C. The r e a c t i v i t y  decreases s l i g h t l y  when the  HTT i s  r a i s e d  t o  700°C 
and more d r a m a t i c a l l y  when t h e  HTT i s  r a i s e d  t o  800°C. There i s  v e r y  l i t t l e  
r e a c t i o n  f o r  t he  sample o f  HTT 500°C. These r e s u l t s  suggest t h a t  t h e r e  i s  a 
th resho ld  temperature f o r  a c t i v a t i o n  o f  t he  c a t a l y s t  a t  about 600°C. 

Table 2. E f f e c t  o f  heat  t rea tment  temperature (HTT) on the  y i e l d  and r e a c t i v i t y  o f  
chars prepared from cobalt-exchanged wood. G a s i f i c a t i o n  was c a r r i e d  o u t  
f o r  30 min a t  500°C i n  90.9 kPa o f  CO2. 

Char Y i e l d  Percent  
HTT I%, d.a . f .1  G a s i f i e d  

Co-exchanged wood 800 
(0.23% Co, 0.34% ash) 700 

600 
500 

9.2 
10.9 
12.9 
17.2 

16 
66 
70 

3 

TO o b t a i n  a more d e t a i l e d  d e s c r i p t i o n  o f  t he  na tu re  o f  c a t a l y s i s  b y  c o b a l t  it 
i s  he lp fu l  t o  cons ider  the  changes i n  r e a c t i o n  r a t e  w i t h  ex ten t  o f  g a s i f i c a t i o n  o r  
" g a s i f i c a t i o n  r a t e  p r o f i l e s " .  as shown i n  F igu re  3. The g a s i f i c a t i o n  r a t e  p r o f i l e  
f o r  t he  HTT 800°C char  prepared from cobalt-exchanged wood undergoes two phases o f  
r e a c t i o n  when g a s i f i e d  a t  800°C. The f i r s t  stage i s  very  r a p i d  b u t  decreases as t h e  

195 



r e a c t i o n  proceeds. 
o f  reac t ion .  

The second phase i s  c h a r a c t e r i z e d  by a lower, more cons tan t  r a t e  

F igure  4 shows t h e  g a s i f i c a t i o n  r a t e  p r o f i l e  o f  a low-temperature char (HTT 
600°C) g a s i f i e d  a t  600°C. Th is  char was much more r e a c t i v e  than t h e  char prepared 
a t  800°C and t h e  maximum r a t e  exceeded t h e  d e t e c t o r  capac i ty .  As shown by t h e  
e x t e n t s  o f  g a s i f i c a t i o n  i n  Table 1. the  low-temperature char was comple te ly  g a s i f i e d  
i n  t h i s  case, and t h e r e  was no evidence o f  t h e  second, s lower phase of g a s i f i c a t i o n  
which was observed i n  g a s i f i c a t i o n  o f  h igher  temperature chars (HTT 800°C) a t  800°C. 

P y r o l y t i c  G a s i f i c a t i o n  o f  Low-Temperature Chars 

We i n v e s t i g a t e d  t h e  p y r o l y t i c  t rans format ions  t h a t  occur i n  chars (HTT 400°C) 
prepared from u n t r e a t e d  and cobalt-exchanged cottonwood upon heat ing  t o  8OOOC i n  
o rder  t o  determine t h e  ex is tence and n a t u r e  o f  any s i g n i f i c a n t  c a t a l y s t / s u b s t r a t e  
i n t e r a c t i o n s  which occur  d u r i n g  p y r o l y s i s .  F igure  5 shows the  g a s i f i c a t i o n  r a t e  
p r o f i l e  and the  t o t a l  i o n  p r o f i l e  f o r  a char (HTT 400°C) prepared from u n t r e a t e d  
co t tonwood h e a t e d  i n  f l o w i n g  h e l i u m  t o  800°C; both curves are  f rom t h e  same 
experiment. The shape o f  t h e  g a s i f i c a t i o n  r a t e  p r o f i l e  i s  d i s t i n c t l y  d i f f e r e n t  from 
t h a t  o f  the  t o t a l  i o n  p r o f i l e .  The former peaks a t  10.5 min. corresponding t o  t h e  
end o f  the  temperature ramp, w h i l e  t h e  t o t a l  i o n  p r o f i l e  peaks a t  8.5 m i n u t e s  
(600°C). The d i f f e r e n c e  i n  t h e  two p r o f i l e s  i s  apparent ly  due t o  e v o l u t i o n  of 
molecular hydrogen i n  t h e  h igher  temperature range. Hydrogen i s  n o t  de tec ted  by t h e  
mass s p e c t r o m e t e r ,  b u t  t h e  combust ib le  gas d e t e c t o r  i s  very s e n s i t i v e  t o  t h e  
e v o l u t i o n  o f  hydrogen, s ince  i t s  combustion r e q u i r e s  t h r e e  times more oxygen p e r  
u n i t  weight than does combustion o f  carbon. Comparison o f  these curves t h e r e f o r e  
suggests t h a t  e v o l u t i o n  o f  molecular hydrogen from the  char predominates a t  h i g h  
t e m p e r a t u r e s  (T>650"C), w h i l e  ca rbonaceous  compounds a r e  e v o l v e d  a t  l o w e r  
temperatures. 

Ana lys is  o f  i n d i v i d u a l  mass spec t ra  acquired dur ing  these experiments i n d i c a t e s  
t h a t  the  most prominent species evolved are  CO (m/z 28) and CO2 (m/z  44). w i t h  COP 
e v o l u t i o n  decreas ing  a t  h i g h e r  t e m p e r a t u r e s .  T h e r e  i s  a l s o  a s m a l l e r ,  b u t  
s i g n i f i c a n t  q u a n t i t y  o f  water (m/z 18) evolved throughout t h e  p y r o l y s i s  process, 
Mass peaks i n d i c a t i v e  o f  methanol, low molecular weight aldehydes and hydrocarbons 
are a lso  present i n  v e r y  low abundances. 

The g a s i f i c a t i o n  r a t e  p r o f i l e  shown i n  F igure  5 has been demonstrated t o  be 
r e p r e s e n t a t i v e  o f  u n t r e a t e d  wood as w e l l  as wood t r e a t e d  w i t h  a l k a l i  and a l k a l i n e  
e a r t h  metals (9).  However, as shown i n  F i g u r e  6. t h e  g a s i f i c a t i o n  r a t e  p r o f i l e  o f  
low-temperature chars c o n t a i n i n g  the  c o b a l t  c a t a l y s t  d i f f e r s  f rom t h i s  p a t t e r n .  The 
p r o f i l e  fo r  the  char (HTT 400°C) prepared from cobalt-exchanged wood peaks much 
e a r l i e r  than t h a t  o f  t h e  char f rom unt rea ted  wood, and t h i s  appears t o  be due t o  a 
peak (5.8 min. 630°C) superimposed on t h e  p r o f i l e  of the  un t rea ted  wood. The same 
peak i s  ev ident  on t h e  t o t a l  i o n  p r o f i l e ,  which suggests t h a t  t h i s  a d d i t i o n a l  
t r a n s i t i o n  i n v o l v e s  e v o l u t i o n  o f  carbonaceous species. However, a n a l y s i s  o f  t h e  
mass spectra corresponding t o  t h i s  peak does n o t  i n d i c a t e  t h a t  t h i s  peak i n  t h e  
g a s i f i c a t i o n  r a t e  p r o f i l e  corresponds t o  t h e  enhanced e v o l u t i o n  o f  any s i n g l e  
product.  The da ta  do not, t h e r e f o r e  suggest a s p e c i f i c  s o l i d  phase r e a c t i o n  
i n v o l v i n g  i n t e r a c t i o n  o f  t h e  c o b a l t  c a t a l y s t  w i t h  carbon. However, we b e l i e v e  t h a t  
t h i s  t r a n s i t i o n .  which i s  unique among t h e  c a t a l y s t s  s tud ied  and corresponds t o  t h e  
HTT a t  which the  c a t a l y s t  became a c t i v e  (see Tables 1 and 2), corresponds t o  t h e  
r e d u c t i o n  of t h e  c a t a l y s t  t o  t h e  elemental  s t a t e  which has been shown t o  be the  
a c t i v e  s t a t e  o f  t r a n s i t i o n  metal  c a t a l y s t s  f o r  g a s i f i c a t i o n  o f  g r a p h i t e  ( l o ) ,  wood 
chars (11). and coa l  chars (12). 

X-Ray D i f f r a c t i o n  

X-ray d i f f r a c t i o n  (XRO)  p a t t e r n s  f o r  chars prepared a t  800" and 1000°C from 
The d i f f r a c t i o n  p a t t e r n s  show evidence cobalt-exchanged wood a r e  shown i n  F igure  7. 
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o f  d i f f e r e n t  c r y s t a l l i n e  phases  i n  t h e  two chars.  Two o f  t h e  peaks i n  t h e  
d i f f r a c t i o n  p a t t e r n  o f  t h e  h i g h e r  tempera tu re  char, correspond t o  d-spacings 
c h a r a c t e r i s t i c  o f  e lemental  c o b a l t  (2'J=44.Zo and 51.5") (13). The la rge ,  Froad peak 
i n  the  XRD p a t t e r n  f o r  t h i s  char  i s  n o t  i d e n t i f i e d  and p robab ly  corresponds t o  
ordered reg ions  i n  t h e  carbon l a t t i c e .  The peaks i n  the  d i f f r a c t i o n  p a t t e r n  o f  t h e  
char o f  HTT 800°C cou ld  n o t  be c o r r e l a t e d  w i t h  a c r y s t a l l i n e  c o b a l t  compound o r  w i t h  
compounds o f  t he  smal l  q u a n t i t y  o f  ca l c ium remain ing  i n  t h i s  sample. No XRD peaks 
were observed i n  chars  (HTT 800°C) f rom potassium- o r  calcium-exchanged samples. 

DISCUSS ION 

The r e s u l t s  ob ta ined i n  t h i s  s tudy  demonstrate the  e x c e p t i o n a l l y  h igh  a c t i v i t y  
o f  c o b a l t  i n  c a t a l y z i n g  the  g a s i f i c a t i o n  o f  wood chars  i n  c a r b o n  d i o x i d e .  A 
p y r o l y s i s  t e m p e r a t u r e  o f  abou t  600°C appears  t o  be requ i red  t o  a c t i v a t e  the  
ca ta l ys t .  A t  h ighe r  heat  t rea tment  temperatures t h e  maximum c a t a l y t i c  a c t i v i t y  
dec l ines .  

F igue i redo  d. s tud ied  t h e  g a s i f i c a t i o n  o f  chars  (HTT 850°C) prepared from 
p ine  wood doped w i t h  h ighe r  l e v e l s  o f  c o b a l t  n i t r a t e  (1.6% meta l )  (14). These 
au thors  r e p o r t  g a s i f i c a t i o n  behav io r  i n  pure  COz s i m i l a r  t o  t h a t  repo r ted  here, 
i .e . ,  an i n i t i a l  pe r iod  o f  r a p i d  g a s i f i c a t i o n  l a s t i n g  a few minutes  fo l l owed  by s low 
g a s i f i c a t i o n  o f  t h e  r e m a i n i n g  char.  They measured g a s i f i c a t i o n  r a t e s  i n  t h e  
temperature range o f  740-910°C and r e p o r t  an i n i t i a l  (presumably maximum) r a t e  a t  
805°C o f  0.18 min-1 which i s  very  comparable t o  t h e  i n i t i a l  r a t e  o f  18 mMoles 
Cmmin-l.g-1 (0.22 g-g- lmmin- l )  found i n  t h i s  s tudy  f o r  a char  (HTT 800°C) g a s i f i e d  
a t  800°C (see F i g u r e  3). T h e i r  da ta  e x t r a p o l a t e  t o  much lower  r a t e s  a t  600" and 
500°C than those found i n  t h i s  s tudy  f o r  g a s i f i c a t i o n  o f  a char prepared a t  600°C 
(see F igu re  4). The e f f e c t  o f  t he  h ighe r  concen t ra t i on  o f  c o b a l t  i n  t h e i r  wood i s  
presumably o f f s e t  by  lower d i s p e r s i o n  o f  t he  c a t a l y s t  due t o  the  mode o f  add i t i on ,  
h ighe r  HTT. and l a r g e r  heat t rea tment  t ime  used i n  p repara t i on  o f  chars ( 1  h r  E 10 
min i n  t h i s  study). These au thors  suggest t h a t  t h e  d e c l i n e  i n  a c t i v i t y  i s  due t o  
o x i d a t i o n  o f  t he  a c t i v e  reduced fo rm t o  COO d u r i n g  g a s i f i c a t i o n ,  and they  c i t e  XRD 
evidence f o r  COO i n  chars a f t e r  g a s i f i c a t i o n .  However, t h e  r e s u l t s  o f  t h i s  s tudy  
show t h a t  t h e  rap id ,  ca ta l yzed  stage o f  g a s i f i c a t i o n  can be main ta ined th roughout  
the  r e a c t i o n  t o  g i v e  complete g a s i f i c a t i o n  o f  chars  prepared and g a s i f i e d  a t  lower  
temperatures (600°C. see F igu re  4). We t h e r e f o r e  b e l i e v e  t h a t  t h e  s lower s tage o f  
g a s i f i c a t i o n  i s  due t o  g a s i f i c a t i o n  o f  carbon which i s  no longer  i n  con tac t  w i th  the  
c a t a l y s t  due t o  i t s  agglomerat ion a t  h igh  temperatures.  

The combined da ta  f rom t h i s  study suggest a p i c t u r e  o f  c a t a l y s i s  by c o b a l t  
i n v o l v i n g  (1) reduc t i on  t o  an a c t i v e  c a t a l y t i c  s ta te ,  p robab ly  elemental  coba l t ,  
near 600°C fo l l owed  b y  ( 2 )  a g g l o m e r a t i o n  o f  t h e  c a t a l y s t  p a r t i c l e s  t o  fo rm 
c r y s t a l l i n e  c o b a l t .  The l a t t e r  p r o c e s s ,  w h i c h  i s  much more i m p o r t a n t  a t  
temperatures g r e a t e r  than 8OO"C, g ives  r i s e  t o  two d i s t i n c t  phases o f  g a s i f i c a t i o n .  
The f i r s t ,  c o r r e s p o n d i n g  t o  g a s i f i c a t i o n  o f  ca rbon  i n  c o n t a c t  w i t h  c o b a l t  
c r y s t a l l i t e s  i s  f a s t ,  w h i l e  the  second, s lower r a t e  corresponds t o  g a s i f i c a t i o n  of  
char which i s  n o t  i n  con tac t  w i t h  c a t a l y s t  (see F igu re  1). On t h e  bas i s  o f  t h e  XRD 
evidence f o r  c r y s t a l l i n e  elemental  c o b a l t  i n  chars  o f  HTT 1000°C. we b e l i e v e  t h a t  
elemental  c o b a l t  i s  t h e  a c t i v e  phase o f  t h e  c a t a l y s t  th roughout  t h e  reac t i on ,  bu t .  i t  
i s  d e t e c t a b l e  by XRD o n l y  when c r y s t a l l i t e  g rowth  i s  a t  an advanced stage. 

The presence o f  reduced c o b a l t  i n  wood chars  a l s o  suggests t h a t  t he  r e l a t i v e  
a c t i v i t i e s  o f  t r a n s i t i o n  metal  c a t a l y s t s  i n  g a s i f i c a t i o n  by carbon d i o x i d e  m igh t  be  
assoc ia ted  w i t h  the  r a t e  o f  d i s s o c i a t i o n  o f  t he  r e a c t a n t  gas on the  metal  surface. 
Grabke has repo r ted  r a t e  cons tan ts  f o r  d i s s o c i a t i o n  o f  C02 on coba l t ,  n i c k e l  and 
copper a t  1000°C (15). which are  p e r t i n e n t  t o  the  non-equ i l ib r ium cond i t i ons  used i n  
our  s tud ies .  The r a t e  cons tan ts  decrease i n  the  order:  kCo>kNi>>kCu. which i s  t h e  
same order  o f  r e l a t i v e  a c t i v i t i e s  repo r ted  f o r  t r a n s i t i o n  metal  c a t a l y s t s  i n  t h e  
e a r l i e r  paper (5). The r e s u l t s  o f  these s t u d i e s  a re  t h e r e f o r e  cons is ten t  w i t h  an 
oxygen t r a n s f e r  mechanism, as descr ibed by  Walker et d. i n  t h e  i ron-ca ta lyzed 
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gas i f i ca t i on  o f  graphi te  by C02 (10) or  poss ib l y  an oxygen ' s p i l l o v e r '  mechanism 
(16). depending on whether the adsorbed atomic oxygen reacts  w i t h  the metal t o  form 
the metal oxide before reac t i ng  w i t h  carbon i n  contact  w i t h  the c a t a l y s t  p a r t i c l e .  
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Figure 1 .  Representative s t r u c t u r a l  elements o f  a c e t y l  4-~-methylglucuronoxylan. 
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Figure 2.  Gas i f ica t ion  r a t e  p r o f i l e  f o r  g a s i f i c a t i o n  a t  8 O O O C  o f  char (HTT 800OC) 
prepared f r o m  untreated cottonwood. 
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Figure 3. G a s i f i c a t i o n  r a t e  p r o f i l e  f o r  g a s i f i c a t i o n  a t  800°C o f  char (HTT 800°C) 
prepared from cobalt-exchanged cottonwood. 
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Figure 5. Gasification rate profile and total ion profile for pyrolytic gasifi-  
cation in helium of char (HTT 4 O O O C )  prepared from untreated cottonwood. 
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Gasification rate profile and total ion profile for pyrolytic gasifi-  
cation i n  helium of char (HTT 400'C) prepared from cobalt-exchanged 
cottonwood. 
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Figure 7.  XRD pat te rns  obtained from chars prepared from cobalt-exchanged 
cottonwood a t  HTT's o f  ( A )  8 O O O C  and (B) 1000°C. 
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